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What aloof EELS is:

Measured Low-Loss Spectrum
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electron microscope (TEM) 

passes near sample

Into spectrometer

Electron’s electric field 
makes surface charge

Field from surface charge 
retards electron

Characteristic surface charge density waves 
make peaks in energy loss signal.
• Surface plasmons
• Direct interband transitions

Why aloof EELS is ideal for studying nanostructures:
A nanometer-resolution probe of a material’s surface electronic properties

(Similar sort of information as you can get optically, but easily obtained from a single nanostructure (or even a localized part of 
one) at a time.)

Sample is isolated in vacuum.  No substrate effects.

Vastly reduced sample damage and heating compared to penetrating EELS.  Electron does not 
strike material during spectrum acquisition.

Separate out interesting signals from uninteresting ones just by choosing where to put the beam.
• Easily distinguish surface and bulk excitations (bulk won’t be excited in aloof case).  Surface dominates nanostructure properties.
• Visibility of low-energy excitations enhanced by a factor that depends on probe placement
• Excitations that aren’t interesting may be selectively suppressed, leaving an unusually clean signal

Dramatically enhanced visibility of direct interband transitions for nanoscale materials

Types of excitations visible in EELS
Read this if you want to know the physical details of why the aloof signal is interesting for nanostructures, 
and why being able to separate the different excitations is so important.

Inner-shell excitations: 103-4 eV. The EELS most people are familiar with.
• Elemental, chemical, and local structural information.
• Very low excitation probability (need a lot of electrons).
• Can’t be done aloof (electrons have to actually hit the material).
• Difficult for radiation- and heat-sensitive nanostructures.

Bulk plasmons: ~5-30 eV.  The excitations most commonly seen in low-loss (< 50 eV) EELS.
• Collective excitations of all electrons in a band or sub-band.
• Information about effective bulk carrier density and scattering times.
• Not generally considered the most interesting of signals (some exceptions).

Surface plasmons: ~5-20 eV.  A collective valence excitation confined to a surface.
• Information about surface carrier density, surface scattering times, local geometry, extremely thin film 

coatings.
• Surface properties are dominant for smaller materials.
• Can be hard to see on top of bulk plasmon peak, unless you’re doing aloof, where the bulk goes away.
• Probed properties are very relevant to nanotechnological applications of nanostructures.

Valence direct interband transitions: ~1-5 eV.  A single valence electron-hole pair creation event.
• Information about direct band gaps and electron behavior at band extrema.
• Tends to be practically invisible except under special circumstances.  But in the long-range aloof case 

for nanostructures it’s one of the strongest signals in the mix.
• Probed properties are very relevant to electronic and optical applications of nanostructures.

Quantum confinement in carbon nanotubes
The physical mechanisms by which interesting information about nanoscale materials properties is encoded in the 
dielectric function ε(ω).  (See the “Scaling laws” and “Types of excitations” panels to see how aloof EELS measures this.)

Brillouin zone of a graphene sheet.
Fermi “surface” is the set of 6 points in red.
π bonding and π* antibonding bands come together only at those points.
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Rolling up the tube picks preferred axial 
(z) and azimuthal (φ) directions in the 2-
D reciprocal space.

Only graphene states consistent with a periodic boundary condition in the azimuthal direction 
are allowed.
You have a series of 1-D bands with different azimuthal mode numbers m.
If one of these bands intersects a red dot, it’s a metal (to first approximation).  Otherwise it’s 
a semiconductor.
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m =...,-2,-1,0,1,2,3,...
(as in eimφ)

(23,0) nanotube

(5,5) (metal armchair) (9,0) (metal zigzag) (10,0) (non-metal zigzag) (9,6) (metal chiral)

Calculated nanotube 
band structures for 
various chiral 
vectors (n,m) (which 
determine the radius 
and helix angles for 
the nanotubes).6

Calculated nanotube dielectric functions 
in two polarizations.

One (solid line) shows effects of 
singularities in 1d electron densities of 
states.  Positions of these peaks are a 
signature of the nanotube’s structure.

Other polarization (dashed line) shows 
surface plasmon at 6 eV.7
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Carbon nanotube experimental results

Identifier Typical Description
Energy, eV

IB 2-3 π to π* direct interband transition
PI 4.5-5.5 π plasmon (both surface and bulk)
SP1 13-15 π+σ surface plasmon, low energy mode
SP2 17-19 π+σ surface plasmon, high energy mode
BP 23-27 π+σ bulk plasmon

Large bundle of single-walled tubes Isolated single-walled tube, suspended in vacuum
Penetrating signal:  Bulk plasmon dominates.
Difficult to separate out other signals.

At edge:  BP partially suppressed.
Low-energy polarization of surface plasmon (SP1) 
is stronger here, SP2 is stronger elsewhere.

Aloof case:  High-energy modes suppressed.
Bulk mode completely suppressed.
IB peak is now the strongest in the signal.

Similar trends as in large bundle, 
but different signals scale very 
differently with material size R.  
They come out as power laws:

IB:  R0.39 ± 0.13

PI:  R0.78 ± 0.20

SP1:  R1.00 ± 0.11

SP2:  R1.18 ± 0.04

BP:  R1.26 ± 0.14

Detailed data analysis shows:
• Trends shown in these examples are consistent throughout data sets
• exp(-2bω/v) dependence is closely followed for all modes
• IB peak is consistently present in favorable circumstances, but with low signal-to-background ratio
• Dependence of peak heights on material size scales very differently from classical model when you 
get into the nanometer regime, especially for π modes (more heavily affected by quantum confinement and by particular tube structures)
• Energies and widths of peaks show only weak patterns as you change sample size and probe position.  Intersample variation dominates.

Scaling laws and probe position dependence
Dependence of signal strength on geometrical and material parameters underlies the strength of aloof EELS.

Aloof signal at low momentum transfer theoretically goes roughly as:

(m = 0) (Interband transitions)

(m ≠ 0) (Surface plasmons)

While bulk EELS goes as (Bulk plasmons)
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R = material radius (cylindrical geometry)
b = impact parameter
ω = frequency of excitation
m = angular mode of excitation (as in eimφ)
v = speed of electron (~108 m/s in TEM)
ε = effective dielectric function

(Note:  ε can depend on R)
α ~ 1.5-2.0

b

R What this means:
• High-energy excitations are suppressed at large b
• Bulk signal is entirely suppressed for b > R
• Low-m excitations are more dominant at smaller R
• Low-energy excitations are sensitive to nanometer-
scale surface curvature within ~20 nm of probe
• Interband transition peak is dominant at moderate
b for high surface curvature (R ~ few nanometers)
• Nanometer-scale effects on material properties come
in through changes in the dielectric function ε

Dielectric Function of Silicon
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EELS response for silicon (low-k limit)

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20
Energy, eV

R
e

la
tiv

e
 r

es
p

on
se

 (
a

rb
itr

a
ry

 u
ni

ts
)

Aloof m = 0
Im ε

Aloof m ≠ 0
A Im(-1/(ε+1)) Bulk

B Im(-1/ε)

Example of functional forms:  Silicon  (other semiconductors and insulators will be similar)

Direct interband 
transition Surface

Plasmon
Bulk

Plasmon

Constants A and B depend on geometry and probe placement

Quasiclassical formalism and 
finite-element modeling

Model assumes nonrelativistic classical electrodynamics.  Material properties come in solely 
through the complex dielectric function ε(ω) and geometrical parameters.

Retardation of electron is quantized by moving to the frequency domain and identifying the 
energy loss as E =   ω.

Relativistic corrections would affect the signal at very large b.
Spatial dispersion ε(ω,k) would affect the signal primarily for penetrating EELS (b<R).

Functional forms given in the scaling laws panel are the leading-order terms at low 
momentum transfer k for the analytical result in the case of an infinite circular cylinder.

Finite-element models were developed to analyze more general geometries.  Real sample 
shapes (right) were derived from experimental images of our silicon tips.

Finite-element results were in substantial agreement with the analytical (and experimental) 
results, showing that the nanoscale signal enhancements are due to nanometer-scale 
surface curvature and not specifically to a cylindrical geometry.

Real part Imaginary part

h

Induced surface charge for a probe passing near a realistic tip shape.  
Fourier component at the frequency of the direct interband transition.

Ge0.30Si0.70
(From www.research.ibm.com)

Shadow diffraction patterns
(Ronchigrams) showing 
optimal probe-forming 
apertures

Real-space images

Fourier transforms of 
images.
Direct STEM resolution 
better than 0.1 nm

Normal
With Spherical Aberration 

Correction

Monochromated Electron Sources
Conventional FEG STEM Monochromated STEM

EELS zero-loss FWHM ~0.5 eV ~0.05-0.10 eV
(prototypes)

Minimum resolvable ~1.0 eV ~0.1-0.2 eV
feature spacing

Minimum measurable ~1.8 eV ~0.2-0.3 eV
energy loss (spline-fit method)

Current instruments can 
barely see the π−π* IB peak.

New instruments should be 
able to see the “signature” of 
each chiral vector.

Aloof EELS works better at 
lower energy losses.

100 nm

1 minute 4 minutes

7 minutes 12 minutes

100 nm

100 nm

100 nm

•  Silicon tips with integrated through-wafer hole were made with photolithography, reactive ion etching, 
and wet thermal oxidation at the Cornell Nanofabrication Facility (process too complex to detail here).

•  Nanotubes formed by pulsed dual-laser vaporization.  (Prof. Larry Dalton, University of Washington),  
purified with HNO3, centrifugation, and filtration, and formed into 1 µm thick paper-like material.

• Edges of shredded bits of nanotube paper contain numerous single nanotubes and bundles of parallel 
nanotubes, of varying widths and apparent uniformity.

• VG HB501 STEM (John Silcox, Cornell University), 100 keV electrons focussed into 0.2 nm diameter 
probe.  EELS in serial pulse-counting mode for maximum sensitivity, dynamic range, and repeatability of 
random error characteristics.
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Raw data
Zero-loss background swamps low-
energy peaks.

Processed data
Zero-loss background removed.
Error bars calculated.
Loss signal decomposed into 5 Lorentzian peaks.
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Originally developed for integrated micro/ 
nanomechanical systems.

Formed by thermal oxidation of a single-
crystal silicon precursor.

Radius at tip ~3nm.

Continuous variation between nanoscale
and microscale silicon allows convenient 
way of studying transitions among 
different types of behavior.

Silicon direct interband transition dominates aloof spectrum at small material size.
Elementary quasiclassical theory does all right for “large” silicon (width of SP is 
underestimated), but needs modification at the nanoscale.
Effective ε(ω) depends on material size.

Nanoscale silicon tips

Experimental methods

Data analysis

Future microscopes, future possibilities
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We had to develop a new background subtraction method to deal with the very low signal-to-background ratio down near 2-4 eV energy loss.
Steps in procedure:
• Develop and verify model of random error in the spectrometer being used
• Measure series of zero-loss peaks under identical conditions to those used in the low-loss spectra
• Match zero-loss peaks to elastic peaks in low-loss spectra (use spline interpolation to allow continuous 
scaling and shifting) and subtract
• Fit background-subtracted low-loss spectra with the minimum number of Lorentzians needed to reduce 
the residuals to near random noise (as determined by Χ2 techniques using our spectrometer model)

Comparison of background subtraction methods Dashed lines: Low-loss spectra by our technique 
with various background measurements, with 
calculated error bars accurately capturing the 
random variation.  Meaningful information down to 
just below 2 eV, with spectra below that reported 
(appropriately) as indistinguishable from zero.

Solid line: The best we could achieve with Fourier-
based conventional techniques, with hand-picked 
background spectrum and carefully chosen 
smoothing parameter.  Artificial oscillations had to 
be smoothed out, obscuring real information.  
Random error is difficult to calculate and highly 
correlated between data points.  Spectrum 
unrealistically goes large negative at low energies, 
clearly an artifact that is obscuring the interesting 
2-3 eV loss range.

This technique enabled measurement of the interband peak even for a single single-walled nanotube.

Aberration Correction
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A new generation of TEM’s is starting to 
come online, with aberration correction 
and monochromated electron sources.

Aberration correction gives you smaller 
spot sizes and/or more current in a given 
spot size.  More signal for EELS and 
better spatial resolution.  With other 
techniques this would mean more 
radiation damage as well, but aloof EELS 
avoids this problem.

Monochromation lets you explore 
substructure that you never could see 
before, and at very low energy losses.  

A reasonable extrapolation of current 
trends suggests that we’ll be able to 
measure the chiral vector of a carbon 
nanotube without even hitting it with the 
electron beam during the spectrum 
acquisition.

Aloof EELS is particularly well-suited to take advantage 
of current trends in electron microscopy. 
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STEM images of shredded edge 
of carbon nanotube paper.

Easy to find suitable samples, 
free of contamination.

Time series of 200 keV TEM 
images of a single nanotube to 
illustrate rapid radiation damage.  

Invisible damage probably occurs 
much faster.

Very good reason to go aloof for 
spectroscopic measurements.
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Single-crystal silicon batch-
fabricated TEM sample ready for 
removal from substrate
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